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The technique is presented of restoring the electronic density of states of the valence band from
data of X-ray photoelectron spectroscopy. The originality of the technique consists in using a
stochastic procedure to solve an integral equation relating the density of states and the experimental
X-ray photoelectron spectra. The results are presented for bulk sample of gold and nanoclusters of
tantalum; the possibility of using the results to determine the density of states of low-dimensional
structures, including ensembles of metal nanoclusters, is demonstrated.
PACS numbers:
I. INTRODUCTION
Low-dimensional structures such as thin films, nan-
otubes, metal nanoclusters, which are situated in an in-
termediate position between single atoms and bulk ma-
terials, possess unique physical properties that can sepa-
rate them in a special area of condensed matter physics.
Studying of the properties of such structures attracts now
an increased interest both from a fundamental point of
view, and in connection with numerous applications. In
many ways, the practical use of low-dimensional struc-
tures, and those consisting of transition metals in partic-
ular, is based on the features of their electronic properties
due to strong electron correlations [1]. The necessity of
the accounting of electron correlations leads to consider-
able complexity of the theoretical description of transi-
tion metals, even for macroscopic systems. In the case of
transition metal structures of reduced dimensionality, the
description of the electronic properties is an even more
difficult task. For this reason, the development of ex-
perimental and numerical methods for the study of the
electronic properties of nanoscale structures of transition
metals is an urgent task.
X-ray photoelectron spectroscopy (XPS) [2] allows
studying the evolution of the electronic properties of low-
dimensional structures depending on their size. This is
because the thickness of a layer analyzed by XPS and
determined by an average path length of a photoelectron
in the sample material, is 5-30 A˚. This fact makes the
XPS technique sensitive to the surface density of elec-
tronic states, and gives the opportunity to study physi-
cal and chemical properties of low-dimensional samples.
The advantage of this technique is also the possibility
of direct measurement of the density of electronic states
(DOS) of the valence band. The smaller is the instru-
mentation broadening, which is determined mainly by
nonmonochromaticity of the X-ray source and by the op-
eration mode of the energy analyzer, the more precise is
the determination of the features of DOS. Modern X-ray
photoelectron spectrometers equipped with a monochro-
mator have the value of the broadening ranged from 0.4
to 0.6 eV . This broadening leads to smearing of DOS
and usually prevents direct study of the spectra. On the
other hand, alternative methods for studying the elec-
tronic properties, such as the method of scanning tun-
nel spectroscopy, the method of optical absorption spec-
troscopy, positron annihilation technique, techniques re-
lated to the de Haas-van Alphen effect, the method of
ultraviolet electron spectroscopy (UPS), and the method
of electron energy loss spectroscopy (EELS), are much
more complex in terms of the interpretation of the spec-
tra. For instance, the UPS technique, which is usually
used to obtain spectra of the valence band, reduces the
instrumentation broadening up to several MeV , but the
signal intensity in this case is proportional to the convolu-
tion of the density of occupied and free electron states. A
similar problem exists in other mentioned methods, and
in the case of EELS one should also take into account the
plasmon and phonon contributions to the spectra.
In this paper, we propose the technique of restoring the
electronic density of states of X-ray photoelectron spectra
using a numerical stochastic procedure, which accurately
takes into account the instrumentation broadening. XPS
spectra of a sample obtained in the regions of valence
states and core levels allow the obtaining the instrument
function of the spectrometer. For this purpose the core
level line is used; the parameters of its broadening are
derived from the approximation of the experimentally
measured spectrum. Further, the stochastic procedure
is applied to restore DOS of nanoclusters by solving an
integral equation. This technique was used to calculate
DOS of bulk gold and nanoclusters of tantalum. To con-
firm the accuracy, the obtained DOS for bulk gold was
compared with DOS calculated from density functional
theory (DFT).
II. XPS TECHNIQUE
A. Shape of XPS lines
The shape of XPS lines in the scale of the binding
energy E with respect to the Fermi energy is defined by
the following convolution [2]:
I(E) = I1(E) ∗ I2(E) ∗ I3(E) ∗ I4(E), (1)
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I1(E) ∼ δ(E − E0) (2)
is the spectrum of the core level with the binding energy
E0 without broadening factors (the lifetime of a hole on
the core level is infinite; the instrumentation broadening
is equal to zero);
I2(E) ∼ γ√
E2 + γ2
(3)
is the broadening of the spectral line due to the finite life-
time of a hole on the core level τ , the natural broadening
γ ∼ }/τ ;
I3(E) ∼
{
Eα−1, if E > 0
0, if E < 0
(4)
is the broadening of the spectral line associated with the
many-electron effects; 0 ≤ α < 1 is Anderson parameter
of singularity [3];
I4(E) ∼ exp(− E
2
2σ2
) (5)
is Gaussian intensity distribution determined by the in-
strumental broadening, σ2 =
W 2hv+W
2
sp
4ln4 , where Whv is
line width of X-ray radiation; Wsp is the instrumenta-
tion broadening. For valence electrons the lifetime of a
hole tends to zero, therefore, the contribution of the nat-
ural broadening can be neglected in (1). Then, the XPS
spectrum of the valence band can be written as
Ival(E) = Aval(E) ∗ I3(E) ∗ I4(E), (6)
where Aval(E) is the level density of valence states. Thus,
with known functions I3(E) and I4(E) one can obtain the
behavior of DOS near the Fermi level.
B. Restoration of DOS from XPS spectra
The convolution of functions I3(E) and I4(E) in (6)
is a instrument function H(E) defined by technical char-
acteristics of the spectrometer and many-electron pro-
cesses:
H(E) = I3(E) ∗ I4(E). (7)
In this case, experimental XPS spectra of the core line
Icore(E) and the valence band Ival(E) can be written as
a system of Fredholm integral equations of the first kind:{
Icore(E) =
∫ +∞
−∞ H(E − E
′
)I2(E
′
)dE
′
;
Ival(E) =
∫ +∞
−∞ H(E − E
′
)Aval(E
′
)dE
′
.
(8)
It follows from (8) that after restoring the instrument
function H(E) from XPS spectrum Icore(E) of the core
line with known collision breadth, one may restore DOS
in the valence band Aval(E). In this case the problem
of calculation the parameters α, σ and γ can be reduced
to the approximation of the core XPS line by the least
square method.
The task of restoring the electronic density of states
Aval(E) is the ill-posed problem of solving the system
of integral equations (8) with the obtained instrument
function. Among many approaches of numerical solution
of such ill-posed problems, one of the most effective is
the ”algorithm of random rectangles” first proposed in
[4]. The basic idea of the algorithm is to approximate
Aval with a piecewise constant function
A˜val(E) =
∑
χc,w,h(E), (9)
where
χc,w,h(E) =
{
h, if c− w2 < E < c+ w2 ;
0, otherwise ;
(10)
parameters c, w, h are used for the center, the width,
and the height of the rectangle, respectively. The algo-
rithm is based on minimizing the deviation between the
input signal I(E) (experimental XPS spectrum) and ap-
proximated I˜(E) =
∫∞
−∞H(E − E
′
)A˜(E
′
)dE
′
. The pro-
cess of generating the solution is a random selection of the
initial configuration and its subsequent optimization to
minimize deviations from the exact solution by changing
the values of parameters and the number of rectangles.
Technically, any solution of the integral equation can be
parameterized with any desired accuracy with the use of
such procedure. Various functionals can be used to eval-
uate the deviation; in this work the following functional
was used [5]:
∆ =
∫ +∞
−∞
(I(E)− I˜(E))2dE. (11)
The test results are shown for bulk gold as a reference
material for XPS measurements.
C. Experiment details
The analysis of XPS spectra of bulk gold was carried
out in the UHV chamber (1 × 10−10 Torr) of the Sur-
face Analysis System Theta Probe (Thermo Scientific).
The sample was cleared before measurements by etch-
ing with Ar+ ions with the energy of 2 KeV during 2
min. Photoelectron spectra of the core and valence lev-
els were obtained using the monochromatic AlKα1,2 ray
source (1486.6 eV). The kinetic energy of electrons was
measured in increments of 0.05 eV, which ensured the
measurement error at the level of ±0.03 eV. The cali-
bration of the binding energy scale was carried out by
the position of Au4f7/2 spectral line of bulk gold. The
binding energy of Au4f7/2 level of chemically pure gold
3FIG. 1: Experimental XPS spectrum of Au4f7/2;5/2 doublet
and its approximation (1)
FIG. 2: The restored instrument function H (E)
is 83.96±0.01 eV [6]. The spectra were recorded with the
pass energy of the spectrometer of 20 eV. The validity of
the experimental data is confirmed by reproducibility of
the spectra for series of samples measured under identical
conditions.
III. RESULTS AND DISCUSSION
Typical X-ray photoelectron spectra of the core lev-
els of bulk gold are presented in Fig. 1. The observed
Au4f7/2 doublet is due to the spin-orbit splitting. The
position of Au4f7/2 line corresponds to the binding en-
ergy of 87.67 eV and to the difference of 3.71 eV between
the lines of the doublet. It is consistent within the mea-
surement error with the known value of the energy of
the spin-orbit splitting of the 4f level for bulk gold [6].
The instrument function H (E) restored by fitting the
experimental Au4f7/2;5/2 spectrum, is shown in Fig. 2.
The following values defining the shape of the XPS
spectrum were obtained from the approximation: γ =
0.23 eV ; α = 0.04; σ = 0.23 eV . These values are in
agreement with known data.
The obtained instrumental function H(E) was used
for the calculation of DOS for bulk gold in accordance
with the system of integral equations (8). Fig. 3 shows
the calculated DOS in comparison with DOS obtained
by DFT method. DFT calculations were conducted in
the generalized gradient approximation with the Perdew–
Burke–Ernzerhof exchange-correlation potential taking
FIG. 3: The experimental XPS spectrum of the valence band,
the restored DOS, and DOS calculated by DFT
into account the spin-orbit interaction and non-collinear
magnetism [7], with zero initial magnetization; Quantum
Espresso 5.4.0 software package [8] was used. To take into
account the spin-orbit interaction fully relativistic ultra-
soft pseudopotentials have been used, generated in Atom
package (Quantum espresso) [9]. It can be seen that the
features of the restored DOS correlate with DFT cal-
culation, in spite of the rather complicated form of the
spectrum.
As is known, the valence band of gold is determined
by the outer 5d106s1 electrons. There is a step on the
spectrum (see Fig. 3) in the vicinity of zero binding en-
ergy values (the Fermi level). This step corresponds to
the half-filled 6s shell. The blurring of this step deter-
mines the instrumentation broadening, which proved to
be equal to 0.54 eV; this agrees within the error with the
certified value of the spectrometer for the selected mode.
By increasing the binding energy, sharp peaks are ob-
served, associated with the contribution of d electrons.
The peaks in the energy range of 2 – 4 eV, according to
DFT calculations, correspond to the hyperfine structure
of 5d5/2 electrons, and the peaks in the energy range of
5-8 eV correspond to 5d3/2 electrons. The presence of
distinct features in DFT calculations at energies of 2.5
eV and 6.0 eV is in agreement with the shape of DOS
recovered from the experimental spectra. In the XPS
spectrum, the identification of these features is difficult
because of the instrumental broadening. The correlation
between the calculated DFT-data and the restored DOS
allows us to affirm the adequacy of the models used.
IV. CONCLUSIONS
In this paper, we proposed the method of obtaining
information about the electronic structure of the occu-
pied states near the Fermi energy. The method uses ex-
perimental XPS spectra and stochastic numerical proce-
dure to restore the density of states. The key feature of
the method, distinguishing it from first-principles calcu-
lations, is that it is not necessary to take into account the
crystal structure of nanoclusters, only the XPS spectra
of the core levels are needed to restore the instrument
4function. This advantage allows the use of the method
to determine the dependence of the properties of low-
dimensional structures on their characteristic size.
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